The sulfur K-edge x-ray absorption spectra for the amino acids cysteine and methionine and their corresponding oxidized forms cystine and methionine sulfoxide are presented. Distinct differences in the shape of the edge and the inf lection point energy for cysteine and cystine are observed. For methionine sulfoxide the inf lection point energy is 2.8 eV higher compared with methionine. Glutathione, the most abundant thiol in animal cells, also has been investigated. The x-ray absorption near-edge structure spectrum of reduced glutathione resembles that of cysteine, whereas the spectrum of oxidized glutathione resembles that of cystine. The characteristic differences between the thiol and disulfide spectra enable one to determine the redox status (thiol to disulfide ratio) in intact biological systems, such as unbroken cells, where glutathione and cyst(e)ine are the two major sulfurcontaining components. The sulfur K-edge spectra for whole human blood, plasma, and erythrocytes are shown. The erythrocyte sulfur K-edge spectrum is similar to that of fully reduced glutathione. Simulation of the plasma spectrum indicated 32% thiol and 68% disulfide sulfur. The whole blood spectrum can be simulated by a combination of 46% disulfide and 54% thiol sulfur.
This paper describes an application of sulfur K-edge x-ray absorption spectroscopy (XAS) to determine the ratio of thiol to disulfide in biological systems. Sulfur is an important element in chemistry and biology, and often it is desirable to assay thiols and disulfide and their ratio in biological samples. There are no spectroscopic techniques available that can distinguish between thiol and disulfide sulfur or sulfur in higher formal oxidation states. This is not surprising, because there are no significant optical markers for sulfur. Also, only one sulfur isotope of Ͻ1% natural abundance has a nuclear magnetic moment; but this isotope possesses an unfavorable nuclear spin with a small magnetic moment and a large quadrupole moment, making NMR unattractive for sulfur analysis.
Sulfur K-edge XAS has been shown to exhibit a strong correlation between oxidation state and inflection point energy (IPE) and to have a rich x-ray absorption near-edge structure (XANES) that is related to chemical structure (1) (2) (3) (4) and can be used to distinguish between thiol and disulfide sulfur.
The two sulfur-containing amino acids found in all cells are cysteine and methionine. Cysteine can be oxidized to the disulfide form cystine. Additionally there are ''mixed'' disulfides (cysteine bound to proteins by formation of a disulfide linkage). Methionine can be reversibly oxidized by HO ⅐ , 1 O 2 , or H 2 O 2 to the sulfoxide or even further to the sulfone (5) .
The number and importance of enzymes and proteins whose function has been found to be significantly modified by the oxidation of their thiol-containing amino acid is growing rapidly. The reversible oxidation-reduction of thiol groups is intimately linked to oxidative stress in a number of respects. For cysteine and glutathione, the formation of disulfide bonds as such cannot be considered as damage, because it is a reversible process, but disulfide bridges in peptides and proteins may drastically alter biological functions. Alteration in the thiol͞disulfide status, for example, has been found to lead to biological consequences, including changes in enzyme properties (K m or V max effects) (6) . Thus the thiol redox status seems to serve as a metabolic signal. There are many enzymes and proteins whose activities are reported to be protein modulated by mixed disulfide formation or changes in the ratio of the reduced form of glutathione (GSH) to the oxidized form of glutathione (GSSG), such as liver phosphorylase phosphatase (7), pineal indoleamine N-acetyltransferase (8) , glycogen synthase (9, 10), thiol proteinase inhibitor (11), adenylate cyclase (12, 13) , guanylate cyclase (14), 3-hydroxy-3-methylglutaryl-CoA reductase (15) , carbonic anhydrase I (16), and phosphofructokinase (17) . Oxidation of methionine to methionine sulfoxide can be associated with the loss of function; a particularly striking example is that of antitrypsin (18) .
The most abundant molecule containing cysteinyl thiol in animal cells is glutathione. Glutathione (GSH) is a tripeptide, ␥-L-glutamyl-L-cysteinylglycine, with cellular concentrations in the range 0.1-10 mM. Glutathione is a component of a pathway that uses reduced NADPH to maintain the cellular redox state. It has an essential role in maintaining various components of cells in their reduced state. Furthermore, it is involved in the reduction of ribonucleotides to deoxyribonucleotides (precursors of DNA) and is implicated in protecting the cell against oxidative damage and free radical damage and in detoxification via a conjugation mechanism (19) . In its ''free'' form, it is present intracellularly, mainly in the thiolreduced form (GSH). The ratio between the oxidized (GSSG) and the reduced (GSH) forms is kept at a low value, approxThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Abbreviations: GSH, glutathione reduced form; GSSG, glutathione oxidized form; IPE, inflection point energy; XANES, x-ray absorption near-edge structure; XAS, x-ray absorption spectroscopy. ‡ imately 0.1, in normal cells (20) . Glutathione may exist in many forms as GSH, GSSG, glutathione mixed disulfides with low molecular weight compounds (e.g., cysteine) and with high molecular weight substances (e.g., peptides and proteins). The level of oxidized to reduced glutathione can change significantly upon oxidative stress and provides useful information about the redox and detoxification status of cells and tissues (21) (22) (23) (24) . Several procedures for the determination of GSH and GSSG from different biological sources have been reported in the literature, but all require extraction procedures for the determination of glutathione in biological materials. An in situ determination is not possible with chemical (25) and enzymatic (26) (27) (28) methods, HPLC (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , flow cytometry (39) (40) (41) and, more recently, capillary electrophoresis (42, 43) . GSH and GSSG can be detected by using spectrophotometric (44, 45) , spectrofluorimetric (46) (47) (48) (49) (50) (51) (52) , and electrochemical methods (30, 34, 37, (53) (54) (55) (56) (57) (58) with levels of sensitivity ranging from nanomolar (33, 35) to picomolar (31, 32) . For spectrophotometric detection, glutathione extracts are treated with iodoacetate to block free thiol groups and then with Sanger's reagent (as one example) to produce a N-dinitrophenyl derivative that can be analyzed. Neither GSH nor GSSG, as such, have significant intrinsic fluorescence (59) . Some complexes and some covalent or other derivatives of GSH and GSSG, however, have fluorescent properties, and the fluorescence and fluorescence quenching of these derivatives can be used for determination of GSH and GSSG levels. However, a difficult problem in determining glutathione levels is the sample and standard preparation. Sample preparation, protein precipitating agents, and sample treatment must be carefully considered, because the oxidation of glutathione to glutathione disulfide, including protein mixed disulfides, must be minimized; otherwise erroneously low values of glutathione and high values of glutathione disulfide and mixed disulfides will be obtained (60) (61) (62) . The difficulties associated with existing procedures, especially for use in vivo, led us to investigate a method to measure thiol and disulfide levels in cells without any previous chemical treatment. An optimal sample preparation procedure for measuring the RSH and RSSR levels in erythrocytes, plasma, and blood would be fast freezing of freshly taken samples. We show that sulfur K-edge XAS, on such samples, allows a determination of thiol, disulfide (GSSG and GSSR), sulfoxide, and sulfone sulfur in vivo.
In whole blood, plasma, and red blood cells, the two major thiol and disulfide components are glutathione and cyst(e)ine. The major sulfur-containing constituents of whole blood are glutathione (ϳ34 mg͞100 ml), cysteine (ϳ0.9 mg͞100 ml), and methionine (ϳ0.5 mg͞100 ml), which are there in free form as well as part of proteins. Additionally, there is sulfate (ϳ1.0 mg͞100 ml) (63) . Whole blood is mostly a mixture of red blood cells (erythrocytes) and blood plasma. In red blood cells, the level of cyst(e)ine is at least one order of magnitude lower than the glutathione concentration (64, 65) . This cyst(e)ine͞ glutathione ratio is reversed in blood plasma (66, 67) .
Sulfur K-edge XAS spectra have been collected and the redox state of sulfur in whole blood, as well as separated plasma and red blood cells, has been determined. The sulfur K-edge spectra of reduced͞oxidized forms of the amino acids cysteine͞cystine and methionine͞methionine sulfoxide and reduced͞oxidized glutathione also are reported.
MATERIALS AND METHODS
Cysteine, cystine, methionine, methionine sulfoxide, reduced glutathione, and oxidized glutathione were of reagent grade, purchased from Sigma and used as received. A small amount (micrograms) of each compound was ground into a fine powder and dispersed as thinly as possible (over about 1 cm 2 ) on Mylar tape. The compounds were used at successively lower concentrations until a reproducible spectrum was obtained, to avoid spectral distortion and loss of resolution caused by self-absorption of the sample.
Whole human blood was collected in heparin-coated syringes and centrifuged for 5 min at 2,500 ϫ g. Whole blood, erythrocytes, or blood plasma samples were placed in sample holders (Lucite frames with inner dimensions 18 ϫ 2.5 ϫ 0.8 mm, backed with Mylar tape) and frozen in liquid nitrogen immediately after collection.
Sulfur K-edge spectra were recorded at the Stanford Synchrotron Radiation Laboratory by using the 54-pole wiggler beamline 6-2, with a Pt-coated focusing mirror and a Si(111) double crystal monochromator. Details of the setup have been described (see refs. 1-4, 68, and 69 and references therein). All sulfur K-edge spectra were run with sample between 130 and 140 K in a home-built liquid He flow cryostat. The data were collected as fluorescence excitation spectra with a N 2 gas-filled Lytle detector (70, 71) . Scans were run from 2,420 to 2,740 eV, with a step size of 0.08 eV from 2,465 to 2,495 eV to obtain high resolution (ϳ0.5 eV) (2) in the preedge and edge region and a step size of 1.0 eV in the other regions.
For each compound, two to four scans were collected. The energy was calibrated from the sulfur K-edge spectra of Na 2 S 2 O 3 ⅐5H 2 O (Sigma), run after every two sample scans. The maximum of the first preedge feature in this spectrum occurs at 2,472.02 eV (68) . Reproducibility of the sulfur K-edge energies with the above conditions have been found to be Ϯ0.1 eV (68).
A preedge background was removed from all spectra by fitting a straight line to the preedge region and subtracting this straight line from the entire spectrum. Normalization of the spectra was achieved by extrapolating into the edge region a quadratic fit to the data in the far post-edge region. Each spectrum was then multiplied by a factor so that the value of the extrapolated line was unity at the energy of the first absorption peak. The position of the main edge was defined by the first IPE of the steeply rising absorption edge, determined from the zero crossing of the second derivative of the spectrum. Analytical differentiation of a third-order polynomial fit to the data over an interval of 2.0 eV on each side of a data point produced the derivative spectra.
For erythrocytes, plasma, and whole blood, simulations were compared with the original data in the region from 2,471 to 2,475 eV by following a least-squares method. A limited range of energy around the IPE was used in the simulation to reduce the effects of scattering from more distant atoms and multiple scattering effects that contribute at higher energies. Percentages of the two constituent spectra (GSH and GSSG) were combined to form a simulated spectrum. The sum of the squares of the residuals between the original data and the simulation was designated the error and referred to as the residuals in the figures. The method of combination of edges in a least squares method to determine respective amounts of a component has been used (72) . The linear combination, in percentages of GSH and GSSG, found to give the minimum error (least squares) was judged to be the best fit of the data. The uncertainty is estimated to be Ϯ5%. The plot of residuals is shown as insets in the figures.
RESULTS
The sulfur K-edge x-ray absorption near-edge spectra of the thiol cysteine and thioether methionine are shown in Fig. 1 . The IPE for cysteine and methionine, 2,473.1 eV, are the same ( Table 1 ). The oxidized form of cysteine is cystine, a disulfide. The IPE changes to 2,472.1 eV for cystine. The S XANES spectra of cysteine and cystine are clearly different (Fig. 1 A) . For cystine the intense absorption maximum is split into two features with almost equal intensity. Additionally the region 5-10 eV beyond the maximum shows less structure compared with cysteine. Methionine sulfoxide (Fig. 1C, dashed line) , the oxidized form of methionine (IPE ϭ 2,473.1 eV; see Fig. 1C , solid line), shows a shift in IPE of more than 2 eV (IPE ϭ 2,475.9 eV), whereas the shape of the edge stays about the same. The second derivatives of the spectra shown in Fig. 1 B and D accentuate the changes in spectral position and shape. The significant changes seen in the second derivatives demonstrate the sensitivity of the XAS method for distinguishing between the different kinds of S-containing molecules. The S XANES spectra of GSH ( Fig. 2A) and GSSG (Fig. 2C ) are shown. Plotting these spectra over the corresponding cysteine and cystine spectra reveals major similarities, as expected. This also is reflected in similar inflection point energies for GSH and cysteine and for GSSG and cystine and in the similarity of the second derivatives of the spectra (Fig.  2 B and D) at energies near the IPE. Differences become obvious more than 10 eV beyond the IPE, where more distant atoms and multiple scattering effects begin to contribute to the spectral features.
The sulfur K-edge spectra of whole blood, plasma, and erythrocytes were collected to determine the ratio of thiol to disulfide sulfur in these biological samples.
Erythrocytes. Fig. 3 shows the sulfur K-edge XANES spectrum from erythrocytes (solid line). Comparison with the reduced glutathione spectrum (dashed line) shows near identity in the rising edge region and indicates that glutathione is present predominantly in its reduced form. The postedge region shows some difference, again because the scattering of more distant atoms and multiple scattering effects begin to contribute. It is appropriate to simulate the erythrocyte spectrum only with glutathione and without any non-glutathionederived cysteine contributions because it is known that the level of cysteine and cystine is at least one order of magnitude lower than the glutathione concentration in red blood cells (64, 65) . The similarities of the sulfur XAS spectra of reduced glutathione and cysteine do not allow a differentiation between these two moieties. This is not required because the focus of this study is the determination of the ratio of thiol to disulfide sulfur and not the absolute amounts of all individual thiol and͞or disulfide components. There is good agreement between the thiol (GSH) concentrations obtained herein by sulfur K-edge spectroscopy and those determined spectrophotometrically and by high-performance capillary electrophoresis analysis (73) . Spectrophotometric investigations of human red blood cells have shown that the level of GSH to GSSG is about 245:1. By high-performance capillary electrophoresis analysis, no GSSG was detectable. Another study that analyzed GSH and GSSG levels of normal human red blood cells by HPLC and electrochemical detection reported a ratio of 297:1 (30) . The uncertainty of the least squares fitting methodology is ϳ5% and hence the detectability of GSSG in excess GSH by using XAS is 5:100.
Plasma. The concentration of GSH and GSSG in extracellular media such as plasma is orders of magnitude lower than Precision of the IPE is Ͻ Ϯ0.1 eV; the inflection point reported is determined from the zero crossing of the second derivative of the spectrum.
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Biophysics: Rompel et al. Proc. Natl. Acad. Sci. USA 95 (1998) the intracellular content. In plasma the total cyst(e)ine (cysteine and cystine) concentration is ϳ20 times greater than the total glutathione concentration (66, 67) . It has been reported by Malloy et al. (74) that in blood plasma up to 50% of cysteine is found to be ''mixed'' cysteine. The blood plasma spectrum (Fig. 4 , solid line) can be simulated with GSH (or cysteine) and GSSG (or cystine) (Fig. 4, dashed line) . Best results were obtained by using 68% GSSG and 32% GSH, indicating that 32% are in the thiol form and 68% are disulfides and mixed disulfides. The thiol͞disulfide values reported in the literature differ because of the use of different processing methods (75) . A small peak is seen at 2,482.5 eV, which corresponds to the K-edge inflection point of S in SO 4 2Ϫ that is known to be present in plasma.
Whole Blood. Sulfur K-edge spectrum of whole blood is shown in Fig. 5 . An excellent simulation of the whole blood spectrum (Fig. 5 ) is obtained by a combination of 54% GSH and 46% GSSG. The inflection point of the whole blood spectrum is satisfactorily simulated, although there are some small differences in amplitudes between the simulation and the spectrum of blood. This might be because of small differences in self absorption of the blood samples, which were frozen glasses, compared with GSH and GSSG samples, which were solid powders. The S K-edge spectrum of whole blood is also satisfactorily simulated (Fig. 6 ) by the addition of the spectrum of erythrocytes (25%) with the spectrum from plasma (75%), indicating that the separation protocol does not alter the composition and the redox status of the erythrocytes and plasma.
DISCUSSION
Conflicting literature values for erythrocyte, plasma, and whole blood thiol and disulfide (cysteine or GSH and cystine or GSSG) values have resulted from the use of different analytical methods (75) . Also, a remaining question is whether all thiol and disulfide forms in a blood sample have been quantitatively measured by using standard analytical methods. Moreover, the stability of GSH and its possible oxidation to GSSG during the period between collection and analytical determination have been questioned (76) .
To resolve these matters, it is desirable to have an analytical tool that measures the thiol to disulfide ratio in biological samples without chemical treatment before determination. Sulfur K-edge spectroscopy provides such a tool. We have recorded spectra of whole biological cells, where the sulfur concentration is in the millimolar range. This sulfur concentration in the biological tissues was high enough that the spectra of the samples could be measured without any previous concentration and at the same time did not lead to problems of self absorption. A sulfur K-edge scan takes around 20 min and usually one scan has a signal-to-noise ratio high enough that the IPE can be determined and the shape of the edge can be analyzed. Sulfur K-edge spectroscopy detects changes of ϳ5% in the thiol-to-disulfide ratio. Thus this tool does not have the absolute sensitivity of other analytical methods. Additionally sulfur K-edge spectroscopy does not distinguish between glutathione and cyst(e)ine or between GSSG and GSSR. However, we have shown that this method is an excellent tool to determine the thiol redox status in whole cells and to within an accuracy of 5%. The reported numbers vary over a much wider range.
Thus with this noninvasive spectroscopic determination of the oxidation states of intracellular thiol groups, it becomes possible to measure the changes induced by drugs and to explore the idea that radiation damage to cells may be determined by the state of sulfur. 95 (1998) 
